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(57) ABSTRACT 

The invention provides a sample detection apparatus, 
including a polarized radiation source, ?oW chamber and 
signal detector, the How chamber placed to contact polarized 
radiation from the polarized radiation source, the signal 
detector is placed to selectively detect radiation propagated 
from the How chamber at about 54.7 degrees from the 
direction of polarization of the contacted polarized radiation. 
Also provided is a method of detecting ?uorescent intensity 
for a sample in a How cytometer independent of anisotropic 
radiation emission. The method includes the steps of: (a) 
contacting a sample in a How cytometer With polarized 
radiation; and (b) detecting radiation emitted by the sample 
at about 54.7 degrees With respect to the direction of 
polarization of the polarized radiation at the point of sample 
contact. 
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DEVICE AND METHODS FOR DETECTING 
SAMPLES IN A FLOW CYTOMETER 
INDEPENDENT OF VARIATIONS IN 
FLUORESCENCE POLARIZATION 

[0001] This invention Was made With government support 
under grant number T32 GM00035-05 awarded by the 
National Institutes of Health and grant number BIR 9214821 
aWarded by the National Science Foundation. The United 
States Government has certain rights in this invention. 

BACKGROUND OF THE INVENTION 

[0002] This invention relates generally to ?oW cytometry 
and, more speci?cally, to devices and methods for detection 
of ?oW cytometry samples. 

[0003] Flow cytometry is a valuable method for the analy 
sis and isolation of biological particles such as cells and 
constituent molecules. As such it has a Wide range of 
diagnostic and therapeutic applications. The method utiliZes 
a ?uid stream to linearly segregate particles such that they 
can pass, single ?le, through a detection apparatus. Indi 
vidual cells can be distinguished according to their location 
in the ?uid stream and the presence of detectable markers. 
Thus, a ?oW cytometer can be used to produce a diagnostic 
pro?le of a population of biological particles. For example, 
?oW cytometry has been used to measure the decline or 
maintenance of immune cells during the course of treatment 
for HIV infection and to determine the presence or absence 
of tumor cells for prognosis and diagnosis of cancer patients. 

[0004] Isolation of biological particles has been achieved 
by adding a sorting or collection capability to ?oW cytom 
eters. Particles in a segregated stream, detected as having 
one or more desired characteristics, are individually isolated 
from the sample stream by mechanical or electrical removal. 
This method of ?oW sorting has been used to separate sperm 
bearing X and Y chromosomes for animal breeding, to sort 
chromosomes for genetic analysis, to isolate cells bearing 
speci?c antigens and to identify neW organisms from com 
plex biological populations. Although sorting capability can 
sloW doWn the rate of sample analysis by a cytometer, cell 
sorters can be operated at rates alloWing sorting of greater 
than 100,000 events per second. 

[0005] A majority of ?oW cytometry methods employ 
?uorescent detection of particles. In a feW cases the intrinsic 
?uorescence of a particle can be used as a basis of detection. 
A more Widely employed method is to detect a ?uorescent 
label that binds to a speci?c molecule associated With a 
particle. For example, a cell expressing a speci?c antigen on 
its surface can be distinguished from non-antigen bearing 
cells in the same mixture using a ?oW cytometer. Speci? 
cally, the cell mixture can be incubated With a detectable 
antibody that binds speci?cally to the antigen and the 
mixture can be subsequently analyZed With a ?oW cytometer 
to uniquely identify the labeled cell. Asorting capability can 
further alloW the labeled cell to be isolated from the mixture 
for therapeutic manipulation or further diagnostic analysis. 

[0006] In many cases it Would also be useful to knoW hoW 
many molecules are present on, or in, each cell-in a mixture. 
The number of labeled molecules associated With a cell can 
be diagnostic of a response of the cell to various conditions 
such as disease state or exposure to a therapeutic compound. 
For example, speci?c immune cells present in response to 
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various disease states can be distinguished based on the 
number of cell surface markers present. Thus, one goal of 
?oW cytometry for both analytical and sorting applications 
is quantitative ?oW cytometry. 

[0007] Quantitative ?oW cytometry refers to methods for 
correlating the intensity of detected signal With the quantity 
of labeled molecules on the particle. Quantitation can be 
achieved for an individual instrument, for example, by 
calibrating the instrument With optical test materials and 
producing empirical calibration curves for each neW lot of 
reagents used. StandardiZed measurements are desired for 
accuracy and quality assurance in diagnosis and prognosis of 
human disease. HoWever, expansion of quantitative ?oW 
cytometry to alloW standardiZed measurements betWeen 
instruments and labs has not been achieved despite attempts 
by a number of national and international programs. Vari 
ability betWeen instruments and methods has been one 
draWback to standardiZation of quantitative ?oW cytometry 
betWeen laboratories Which could achieve the accuracy 
required for most clinical applications. 

[0008] Thus, there exists a need for methods to standard 
iZe ?uorescence measurements in ?oW cytometry. The 
present invention satis?es this need and provides related 
advantages as Well. 

SUMMARY OF THE INVENTION 

[0009] The invention provides a sample detection appa 
ratus, including a polariZed radiation source, ?oW chamber 
and signal detector, the ?oW chamber placed to contact 
polariZed radiation from the polariZed radiation source, the 
signal detector is placed to selectively detect radiation 
propagated from the ?oW chamber at about 54.7 degrees 
from the direction of polariZation of the contacted polariZed 
radiation. Also provided is a method of detecting ?uorescent 
intensity for a sample in a ?oW cytometer independent of 
anisotropic radiation emission. The method includes the 
steps of: (a) contacting a sample in a ?oW cytometer With 
polariZed radiation; and (b) detecting radiation emitted by 
the sample at about 54.7 degrees With respect to the direction 
of polariZation of the polariZed radiation at the point of 
sample contact. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0010] FIG. 1 shoWs devices that detect radiation at an 
anisotropic-independent angle. PartAshoWs a device having 
a detector that selectively collects radiation that is emitted in 
a direction about 547° from the direction of irradiation 
polariZation. Part B shoWs a device having a polariZer With 
pass-axis at about 547° from the direction of radiation 
polariZation placed in front of a detector. Part C shoWs a 
device having orthogonal geometry and a detector that 
selectively collects radiation that is emitted in a direction 
about 547° from the direction of irradiation polariZation. 

[0011] FIG. 2 shoWs polar plots of predicted ?uorescence 
intensity variations. Intensity is represented by the radial 
distance from the origin and the angle is measured clockWise 
from the vertical axis. PlotAshoWs variation of ?uorescence 
intensity With polariZation angle. Plot B shoWs the variation 
of ?uorescence intensity With angle of emission. The iso 
tropic case produces the circular curve and the maximally 
anisotropic case produces the bean shaped curve. The per 
fectly polariZed case is shoWn as shaded gray. 
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[0012] FIG. 3 shows a diagram of signal collection optics 
in part A and polariZer in part B. 

[0013] FIG. 4 shoWs analysis of raW data from a polar 
iZation measurement. A bivariate dot-plot of 40,000 indi 
vidual bead measurements is shoWn in gray. The black line 
indicates peak values chosen after smoothing the intensity 
distribution. 

[0014] FIG. 5 shoWs polar plots of relative intensity 
versus polariZation angle for bead scatter. Dots shoW inten 
sity values measured at each angle. Solid lines shoW the 
best-?t of Equation 2 to the data points. 

[0015] FIG. 6 shoWs polar plots of relative intensity 
versus polariZation angle for bead ?uorescence. Measured 
data and ?tted curves are represented as in FIG. 5. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0016] This invention provides a How cytometer With 
detection optics oriented to measure radiation scatter inten 
sity or ?uorescence emission intensity independently of their 
degree of anisotropy. The intensity of scatter and emission 
for particles measured in a How cytometer is generally 
dependent on the angle of detection and the degree of 
anisotropy of the radiation emitted or scattered by the 
particle. This anisotropic emission can present a problem for 
standardiZation or calibration of quantitative measurements. 
HoWever, intensity of scattered and emitted radiation is 
independent of anisotropic radiation emission When detected 
at an angle of about 547° from the direction of the excitation 
polariZation. An advantage of this invention is that it pro 
vides a standardiZed observation direction and therefore 
makes it possible to compare the intensity of How cytometry 
measurements With an objective standardiZed reference 
source. 

[0017] In one embodiment the invention provides a 
method of detecting emitted or scattered radiation from a 
sample that is independent of intensity variations due to 
anisotropic radiation emission. Speci?cally, the invention 
provides a method of detecting radiation from a sample at an 
angle of about 54.7° from the direction of polariZation. 
Additionally, the dependence of intensity on polariZation 
angle and anisotropic radiation emission can be predicted for 
particles in a sample stream, for example, in a How cytom 
eter. Therefore, the invention also provides methods for 
determining a standardiZed intensity value based on the 
optical properties of a cytometer or photophysical properties 
of a particle. Accordingly, another advantage of the methods 
of the invention is that they alloW determination of a 
standardiZed intensity value that can be compared betWeen 
instruments as Well as betWeen ?uorophores. 

[0018] As used herein, the term “?oW cytometer” is 
intended to mean a device or apparatus having particles 
aligned in a sample stream such that the particles individu 
ally enter a Zone of detection. A sample stream can include 
any mobile phase that passes particles in single ?le includ 
ing, for example, a ?uid stream or ?uid jet. The term is 
intended to include any particle including one or more 
molecules. A particle including one molecule can be, for 
example, a ?uorophore or a macromolecule such as a 
polynucleotide, polypeptide, or other organic or biological 
polymer. A particle including more than one molecule can 
be, for example, a cell, molecular complex or bead. 
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[0019] As used herein, the term “polarized,” When used in 
reference to radiation, is intended to mean electromagnetic 
radiation having an electric ?eld vector biased toWard a 
uniform direction or enriched in one direction. The direction 
of polariZation of electromagnetic radiation refers to the 
direction of the electric ?eld vector relative to the direction 
of propagation of the electromagnetic radiation. A uniform 
electric ?eld vector can be linearly ?xed With respect to the 
direction of propagation or can rotate about the direction of 
propagation circularly or elliptically. 

[0020] As used herein, the term “polariZed radiation 
source” is intended to mean a means for producing or 
selectively propagating electromagnetic radiation having an 
electric ?eld vector biased toWard a uniform direction or 
enriched in one direction. The term is intended to include all 
illumination sources including, for example, those produc 
ing electromagnetic radiation in the ultraviolet, visible and/ 
or infrared regions of the spectrum. A radiation source can 
include, for example, a lamp such as an arc lamp or quartZ 
halogen lamp, or a laser such as an ion laser, dye laser or 
diode laser. 

[0021] As used herein, the term “signal detector” is 
intended to mean a device or apparatus that converts the 
energy of contacted photons into an electrical response. A 
signal detector can produce an electric current in response to 
impinging photons, for example, as in a photodiode or 
photomultiplier tube. A signal detector can also accumulate 
charge in response to impinging photons. 

[0022] As used herein, the term “?ow chamber” is 
intended to mean an apparatus that can contain a sample 
stream such that radiation emitted or scattered by a particle 
in the sample stream can be detected. 

[0023] As used herein, the term “selective” or “selec 
tively,” When used in reference to detection of radiation, is 
intended to mean preferential detection of radiation having 
a particular property. The term can include detection of 
radiation having a particular property due to total or partial 
rejection of radiation having one or more other properties. 
The property of radiation can include, for example, direction 
of propagation or direction of polariZation. 

[0024] As used herein, the term “sample” is intended to 
mean a molecule, particle or mixture of molecules or par 
ticles. The term can include, for example, one or more 
particles suspended or solubiliZed in a liquid phase. As used 
herein, the term “sample stream” refers to particles that have 
a net directional ?oW. Particles having a net direction or How 
can be contained, for example, in a mobile liquid phase. A 
mobile liquid phase can be in a state characteriZed, for 
example, as having laminar ?oW, sheath ?oW, or streamline 
?oW. Alternatively, the liquid phase can be stationary and the 
particles can move through the liquid phase due to, for 
example, extrinsic force or pressure. 

[0025] As used herein, the term “degree of polarization” is 
intended to mean the value P in the equation P=((ot—[3)/(ot+ 
6)), Where 0t is the intensity of detected irradiation having an 
electric ?eld vector parallel to the electric ?eld vector of 
radiation from a radiation source and [3 is the intensity of 
detected irradiation having an electric ?eld vector orthogo 
nal to the electric ?eld vector of radiation from a radiation 
source. Scattered light can have a degree of polariZation that 
is betWeen —1 and +1. Irradiation produced by emission 
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from a ?uorophore excited by polarized light can have a 
degree of polarization that is greater than 0 and less than or 
equal to 0.5. 

[0026] The invention provides a sample detection appa 
ratus. The apparatus consists of a polariZed radiation source, 
?oW chamber and signal detector, the How chamber being 
placed to contact polariZed radiation from the polariZed 
radiation source, the signal detector being placed to selec 
tively detect radiation propagated from the How chamber at 
about 54.7 degrees from the direction of polariZation of the 
contacted polariZed radiation. Also provided is a flow 
cytometer having the sample detection apparatus. The flow 
cytometer consists of a polariZed radiation source, ?oW 
chamber and signal detector, the How chamber being placed 
to contact polariZed radiation from the polariZed radiation 
source, the signal detector being placed to selectively detect 
radiation propagated from the How chamber at about 54.7 
degrees from the direction of polariZation of the contacted 
polariZed radiation. The sample detection apparatus can be 
placed in any flow cytometer to provide detection of emitted 
or scattered radiation intensity that is independent of aniso 
tropic radiation emission. 

[0027] When a ?uorophore or other molecule emits ?uo 
rescence, it emits radiation in all directions. Anisotropic 
radiation emission refers to a difference in the amount of 
radiation emitted in different directions When ?uorescence is 
induced by a polariZed source. In contrast, isotropic emis 
sion refers to identical amounts of radiation emitted in all 
directions. Whether a ?uorophore produces isotropic or 
anisotropic emission When irradiated by polarized radiation 
depends upon intrinsic properties of the ?uorophore and 
mobility of the ?uorophore. Further, the degree of anisotro 
pic radiation emission can vary among anisotropic ?uoro 
phores, also due to intrinsic properties of the ?uorophores or 
their mobility. As described beloW, ?uorescence intensity 
measured at an arbitrarily chosen polariZation angle, or at an 
arbitrary observation angle, can therefore depend on the 
degree of anisotropy in the distribution of emitting dipoles. 

[0028] Fluorescence intensity measured for an anisotropic 
sample can change With polariZation angle or angle of 
emission such that intensities measured for the same sample 
at different angles of detection or for different samples 
having different degrees of anisotropic radiation emission, 
can be different. These differences are shoWn for the extreme 
case in FIG. 2 Where comparison of the intensity distribu 
tion for emission from an isotropic ?uorophore is compared 
to the intensity distribution for emission from a maximally 
anisotropic ?uorophore. As shoWn in FIG. 2, there is one 
region Where intensity is independent of anisotropic radia 
tion emission. This region is at an angle about 54.7° from the 
direction of polariZation for radiation contacting the ?uoro 
phore. Thus, for a sample irradiated by a linearly polariZed 
light source, intensity measurements can be made that are 
independent of anisotropic radiation emission When either a 
detector selectively collects radiation that is emitted in a 
direction of about 54.7° from the direction of irradiation 
polariZation or a polariZer With pass-axis at about 54.7° from 
the direction of radiation polariZation is placed in front of a 
detector. Measurements made in the above described geom 
etries, are referred to herein as measurements at an aniso 
tropic-independent angle. 
[0029] One skilled in the art Will recogniZe that small 
variations in the angle of detection can be accommodated by 
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the invention so long as the difference betWeen the intensi 
ties measured at the variated angle and 54.7° under other 
Wise similar conditions are indistinguishable or statistically 
meaningless. For example, the range of angles that provide 
anisotropic-independent detection for tWo samples can 
increase as the differences in the degrees of anisotropic 
radiation emission betWeen the tWo samples decrease. One 
skilled in the art can determine an appropriate range for 
relative difference in intensities determined for anisotropic 
independent detection as it can vary from 54.7° using 
equation 1 and/or plots similar to those shoWn in FIG. 2 as 
described beloW. One skilled in the art Will recogniZe that an 
angle that is about 54.7° can include an angle in the range 
of about 53° to about 57°, for example, When resolution 
betWeen detected intensities is relatively loW. As resolution 
increases about 54.7° can include a narroWer range of angles 
such as about 54° to about 56°, or about 545° to about 55°. 

[0030] The invention provides a sample detection appa 
ratus having a polariZed light source and a signal detector at 
about 54.7 degrees With respect to the direction of polariZa 
tion of the irradiation at the point of observation. A device 
having a detector that selectively collects radiation emitted 
in a direction about 54.7° from the direction of irradiation 
polariZation is shoWn in FIG. 1A. The device in FIG. A has 
a radiation source 1 Which produces radiation that is linearly 
polariZed along the Z axis. A detector 3 is placed to 
selectively detect radiation emitted or scattered from a 
sample 2 located at the origin of the three orthogonal axes 
that is irradiated by the radiation source. 

[0031] A radiation source of the invention can be any 
source that produces linearly-polariZed radiation. Aradiation 
source useful in the invention includes, for example, a lamp 
such as an arc lamp, quartZ halogen lamp, or deuterium 
lamp. Arc lamps include for example, mercury arc lamps or 
xenon arc lamps. One skilled in the art Will knoW that an 
appropriate lamp can be chosen based on a variety of factors 
including, for example, average radiance across the spec 
trum, radiance in speci?c regions of the spectrum, presence 
of spectral lines, radiance at spectral lines, or arc siZe. A 
radiation source can also be a laser including, for example, 
an ion laser such as argon ion or krypton ion laser, Helium 
neon laser, helium cadmium laser, dye laser, YAG laser or 
diode laser. One skilled in the art can choose an appropriate 
laser or lamp according to desired properties such as those 
described above or in Shapiro, Practical flow cytometry, 3rd 
Ed. Wiley-Liss, NeW York (1995). 

[0032] A sample of the invention can include a particle or 
mixture of particles in a liquid phase. A sample detection 
apparatus of the invention can have a sample contained in a 
liquid stream Where the particles have a net directional ?oW, 
for example, along the Z axis of FIGS. 1A and 1B. One 
skilled in the art Will recogniZe that the trajectory of the 
liquid stream in FIGS. 1A and 1B can be altered from that 
shoWn While still achieving detection at an anisotropic 
independent angle. The liquid stream can be contained in a 
capillary. or in a stream in air system. A particle of the 
sample can be microscopic particles such as cells, subcel 
lular compartments such as organelles, or large macromol 
ecules such as ribosomes or chromosomes. Particles that can 
be used in the invention also include submicroscopic par 
ticles such as proteins, nucleic acids, other organic or 
biological polymers or micelles. Manipulation and detection 
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of samples in liquid streams can be performed as described, 
for example, in Shapiro, supra. 

[0033] A detector that can be used in the invention 
includes any device that converts the energy of impinging 
radiation into a signal that can be subsequently manipulated 
or stored to determine the presence or quantity of an 
irradiated sample. A signal produced by a detector can be, 
for example, an electrical response. A signal detector can 
produce an electric current in response to impinging photons 
as occurs, for example, in a photodiode or photomultiplier 
tube. A signal detector can also accumulate charge in 
response to impinging photons as occurs, for example, in a 
charged coupled device. One skilled in the art Will be able 
to choose a detector based on a variety of Well knoWn factors 
including, for example, compatibility With the radiation 
source used, sensitivity, spectral range of detection and 
compatibility With data processing devices. 

[0034] The invention also provides a sample detection 
apparatus, containing a How chamber and a polariZer With its 
pass-axis oriented at about 54.7 degrees With respect to the 
direction of polariZation of a radiation emitted from the How 
chamber, the polariZer being placed betWeen the radiation 
source and a detector. A device having a polariZer With 
pass-axis at about 54.7° from the direction of radiation 
polariZation placed in front of a detector is shoWn in FIG. 
1B. The device in FIG. 1B has a radiation source 1 Which 
produces radiation, linearly polariZed along the Z axis that 
contacts a sample 2. Radiation emitted from the sample 2, 
located at the origin of the three orthogonal axes, as ?uo 
rescence or scatter, passes through a polariZer 4 to a detector 
3. The polariZer 4 has a pass-axis angle of 547° from the 
direction of radiation polariZation. The detector 3 is shoWn 
orthogonal to the direction of radiation incidence. HoWever, 
in contrast to the geometry in FIG. 1A, the detector in FIG. 
1B can be at any geometry from the direction of radiation 
polariZation or incidence. 

[0035] A polariZer of the invention can be any material 
that selectively passes radiation having a uniform electric 
?eld vector biased in a uniform direction or enriched in one 
direction. Examples of polariZers that can be used in the 
invention include polariZation ?lters such as those having 
oriented, optically active molecules or polariZing beamsplit 
ters. 

[0036] An advantage of a device that detects intensity at 
an anisotropic-independent angle is that intensity is mea 
sured independent of polariZation effects alloWing a stan 
dardiZed intensity to be obtained for comparison betWeen 
samples having different degrees of anisotropic radiation 
emission. In contrast, standard cytometers having detectors 
that are orthogonal to a radiation source detect different 
intensities depending on the degree of anisotropic radiation 
emission for each sample. Thus, tWo samples having the 
same molar absorption coef?cient and ?uorescence quantum 
yield, although having the same theoretical brightness, Will 
yield inconsistent intensities if they have different degrees of 
anisotropic radiation emission and are measured in the 
above-described orthogonal arrangement. Additionally, the 
same detector measuring the same sample from different 
vantage points can detect different intensities When the 
sample has an anisotropic distribution of emitting dipoles. 
Thus, instruments having the same detector can measure 
different intensities for the same sample if they have differ 
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ent geometries. Detection at an anisotropic-independent 
angle provides a means to standardiZe intensity measure 
ments, thereby avoiding differences due to polariZation 
and/or detector geometry. 

[0037] One skilled in the art Will recogniZe that the device 
shoWn in FIG. 1 can be modi?ed such that the geometry of 
one or more components is changed relative to any other 
component so long as the detector selectively detects either 
radiation that is emitted in a direction about 54.7° from the 
direction of irradiation polariZation or radiation passing a 
polariZer With pass-axis at about 547° from the direction of 
radiation polariZation. For example, a prism, mirror, or other 
light redirecting means can be used to orient components in 
a manner consistent With the present invention and conve 
nient for a variety of instruments or applications as 
described beloW. 

[0038] The invention also includes a modi?cation of a 
sample detection apparatus to produce detection at an aniso 
tropic-independent angle. One skilled in the art Will be able 
to modify a sample detection apparatus by routine methods 
to achieve the geometries described herein. For example, a 
sample detection apparatus in a How cytometer can be 
modi?ed to provide detection at an anisotropic-independent 
angle. Avariety of How cytometers that can be modi?ed for 
detection at an anisotropic-independent angle are described, 
for example, in Shapiro, supra (1995). A common geometry 
for a How cytometer detector has the detector, sample 
trajectory, and radiation source orthogonal to each other in 
three dimensions. This orthogonal geometry can be easily 
modi?ed to achieve detection at a anisotropic-independent 
angle, for example, by sWinging the detector relative to the 
direction of polariZation or by rotating the direction of 
polariZation relative to the direction of the detector. 

[0039] Modi?cations can be made to a How cytometer 
relative to the sample trajectory to achieve the geometries 
described herein. For example, How cytometers in Which the 
sample stream is irradiated With radiation having a direction 
of polariZation parallel to the sample trajectory can be 
modi?ed to detect at a anisotropic-independent angle. 
Therefore, the invention provides a How cytometer having a 
sample stream With a trajectory orthogonal to the irradiation 
source and parallel to the direction of polariZation and a 
point of observation of the signal detector placed about 54.7 
degrees from a line parallel to the trajectory of the sample 
stream. 

[0040] Additionally, for a speci?c example Where a How 
cytometer in Which the sample stream, the main axis of the 
signal detector and the illumination beam are orthogonal 
With respect to each other, the direction of polariZation of the 
radiation can be manipulated so that the signal intensity 
registered by the detector is independent of the degree of 
anisotropy of emitted radiation. A How cytometer having 
this geometry can be modi?ed, for example, such that 
mirrors or other apparatuses, that direct the irradiation beam 
toWards the sample stream are positioned to turn the beam’s 
direction of polariZation 35.3 degrees from a line parallel to 
the trajectory of the sample stream. Accordingly, a How 
cytometer having a sample stream placed to contact polar 
iZed radiation from the polariZed radiation source and a 
signal detector placed to selectively detect radiation propa 
gated from the sample stream at about 54.7 degrees from the 
direction of polariZation of the contacted polariZed radiation 
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can have a sample stream With a trajectory orthogonal to the 
polarized radiation source. The sample stream can be 
orthogonal to the signal detector. Additionally, the polariZa 
tion direction can be 35.3 degrees from a line parallel to the 
trajectory of the sample stream. 

[0041] Similar modi?cations can be made to any sample 
detection apparatus. Thus, the invention provides a sample 
detection apparatus having a sample stream With a trajectory 
orthogonal to a signal detector and polariZed radiation 
source, Wherein the direction of polariZation of the irradia 
tion beam is 35.3 degrees from a line parallel to the 
trajectory of the sample stream. An example of a detection 
apparatus having the above described geometry is shoWn in 
FIG. 1C and includes a sample stream having a trajectory 
along the Z axis, a radiation source 1 produces radiation that 
propagates in a direction that is orthogonal to the sample 
stream trajectory 2. The radiation propagating from the 
radiation source 1 is linearly polariZed at an angle of 353° 
from the Z axis Which is parallel to the sample stream 
trajectory 2. A detector 3 is placed orthogonal to the sample 
stream trajectory 2 and radiation source to selectively detect 
radiation emitted or scattered from the sample stream tra 
jectory 2 at an angle of 54.7° from the direction of polar 
iZation. 

[0042] A ?oW cytometer can also be modi?ed to detect 
radiation at an anisotropic-independent angle by placing a 
polariZer betWeen the sample and detector such that radia 
tion having a pass-axis of about 54.7° from the direction of 
polariZation is selectively detected. One skilled in the art can 
routinely add a polariZer to a cytometer as described in 
Example I or by other methods Well knoWn in the art. 

[0043] The invention also provides a method of detecting 
?uorescent intensity for a sample in a ?oW cytometer 
independent of anisotropic radiation emission. The method 
includes the steps of: (a) contacting a sample in a ?oW 
cytometer With polariZed radiation; and (b) detecting radia 
tion emitted by the sample at about 54.7 degrees With respect 
to the direction of polariZation of the polariZed radiation at 
the point of sample contact. 

[0044] In addition to measuring intensities at an anisotro 
pic-independent angle, a standardiZed intensity can also be 
determined according to the methods of the invention. 
Therefore, the invention provides a method for determining 
a standardiZed ?uorescence intensity for a sample in a ?oW 
cytometer. The method includes the steps of (a) irradiating 
a sample With polariZed radiation, and (b) detecting intensity 
of emission at an identi?ed angle of detection-With respect 
to the direction of polariZation of the irradiation, Wherein a 
standardiZed ?uorescence intensity comprises intensity of 
emission at the identi?ed angle of detection With respect to 
the direction of polariZation of the irradiation. 

[0045] A standardiZed ?uorescence intensity value is an 
intensity of ?uorescence that can be compared betWeen 
sample detection apparatuses having different geometries. A 
standardiZed ?uorescence intensity can be determined, 
according to any relationship that accurately predicts rela 
tive intensity With polariZation angle for a given sample. As 
described in Example I, the dependence of relative intensity 
on polariZation angle for a sample in a ?oW cytometer can 
be accurately predicted by the folloWing models. The model 
is based on the fact that When vertically polariZed radiation 
hits a collection of randomly oriented dye molecules, pho 
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toselection occurs. As depicted in FIG. 2, the resulting 
distribution of excited ?uorophores is cylindrically symmet 
ric and it contains many molecules With vertical or near 
vertical absorption dipoles. When this collection of mol 
ecules emits ?uorescence, the distribution of emitting 
dipoles Will also be anisotropic and cylindrically symmetric. 
Equation 1 provides a relationship betWeen the intensity of 
?uorescence (I) detected at an angle relative to the direction 
of laser polarization (1]) 

I(T])=OL*COS2 *r]+[5*sin2 T] (Eqn 1) 

[0046] Where 0t and [3 are the intensities measured When 
the pass-axis is vertical and horiZontal, respectively. The 
total intensity that Would be measured Without a polariZer is 
(ot+[3). 
[0047] For a ?uorophore having maximum possible aniso 
tropic radiation emission, equation 1 can be used to derive 
equation 2 

[0048] as described, for example, in Asbury et al., Cytom 
etry 40:88-101 (2000). For a ?uorophore that is completely 
isotropic, equation-1 can be used to derive equation 3 

(Eqn 2) 

I(*r]) (‘/3)cos2 n+(‘/3)sin2 *r]=‘/3 (Eqn 3) 
[0049] also described in Asbury et al. (2000), supra. 
Accordingly, Equations 2 and 3 are speci?c forms of equa 
tion 1. If [3=0, Equation 2 describes a source With perfect 
vertical polariZation, for example along the Z-axis as shoWn 
in FIG. 2. If ot=0, the source has perfect horiZontal polar 
iZation, for example, along the x-axis in FIG. 2. 

[0050] The variation in ?uorescence intensity With polar 
iZation angle determined from equations 2 and 3 is shoWn in 
FIG. 2A Which represents ?uorescence intensity as the 
radial distance from the origin at speci?c polariZation 
angles. As shoWn in FIG. 2A, variation of ?uorescence 
intensity With polariZation angle for the isotropic case yields 
a circular curve according to equation 3. For the maximally 
anisotropic case a bean shaped curve is produced according 
to equation 2. Comparison of the ?uorescence intensity With 
polariZation angle for the isotropic and maximally anisotro 
pic case indicates that intensities Will be independent of 
differences in anisotropic radiation emission of the samples 
at a polariZation angle of 54.7° from the direction of 
radiation polariZation, as indicated by the line identi?ed as 
the anisotropic-independent angle. One skilled in the art Will 
recogniZe that according to the symmetry in the relationship 
of intensity to polariZation angle for the tWo cases plotted in 
FIG. 2A, an anisotropic-independent angle of about 54.7° is 
equivalent to about 144.7° When considered in a 180° 
reference frame and equivalent to about 144.7°, about 
234.7° and about 324.7° When considered in a 360° refer 
ence frame. The symmetry illustrated in 2 dimensions by the 
polar plot of FIG. 2A can be extended to 3 dimensions 
because the anisotropic-independent angle is symmetric 
With respect to rotation about the laser polariZation axis. 
Thus, the anisotropic-independent angle corresponds to tWo 
cones radiating from the angle of polariZation at about 54.7° 
and about 144.7°, respectively. This invention is described in 
a 90° reference frame, thereby including the above described 
angles When described in other reference frames. 

[0051] The mathematics leading to Equations 2 and 3 can 
also be used to determine hoW the total ?uorescence inten 
sity, measured Without a polariZer, varies as the angle of 
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observation is changed. In this case, the symbol 1] is taken 
to represent the angle betWeen the detection axis and verti 
cal. The variation of intensity With angle of observation 
(IOA) for a maximally anisotropic ?uorophore is described 
by equation 4, 

[0052] and for an isotropic ?uorophore is described by 
equation 5, 

(Eqn 4) 

[0053] The variation in ?uorescence intensity With angle 
of emission is plotted in FIG. 2B. As shoWn in FIG. 2B, 
variation of ?uorescence intensity With angle of emission for 
the isotropic case yields a circular curve according to 
equation 5. For the maximally anisotropic case a bean 
shaped curve is produced according to equation 4. Com 
parison of the ?uorescence intensity With polariZation angle 
for the isotropic and maximally anisotropic cases indicates 
that intensities Will be independent of differences in aniso 
tropic radiation emission of the samples at an angle of 
emission of about 54.7° from the direction of radiation 
polariZation, as indicated by the line identi?ed as a aniso 
tropic-independent angle. As described above a anisotropic 
independent angle includes equivalent angles identi?able by 
symmetry from FIG. 2B. 

[0054] According to the methods of the invention a stan 
dardiZed intensity can be determined for any sample in any 
?oW cytometer. For example, a standardiZed intensity can be 
determined for the same sample measured in cytometers 
having different detector geometries by applying the above 
models. As demonstrated in Example I, the dependence of 
intensity on polariZation angle or angle of emission can be 
empirically determined for a sample. The data can be ?tted 
to equation 1 to determine values of 0t and [3. Based on the 
equation having the 0t and [3 values determined for the 
sample and an intensity measured in a detector at a knoWn 
angle 11, relative intensity values for the sample can be 
calculated for any angle 11. Thus, intensities for a sample 
measured With detectors having different geometries can be 
compared and standardiZed by reference to the appropriate 
derivative of equation 1. One skilled in the art Will recogniZe 
that a similar method can be used to determine a standard 
iZed intensity for different samples. For example, the stan 
dardiZed intensity values determined as described above, 
can be compared betWeen different samples by appropriate 
correlation of intensities With respect to photophysical prop 
erties of the samples such as molar absorption coef?cient 
and ?uorescence quantum yield. 

[0055] Therefore, the invention provides a method for 
determining a standardiZed ?uorescence intensity for a 
sample in a ?oW cytometer. The method includes the steps 
of: (a) determining intensity of radiation emitted from a 
sample in a ?oW cytometer at tWo or more angles With 
respect to the direction of polariZation for a radiation source; 
(b) determining values of 0t and [3 for the sample according 
to the equation: 

[0056] Wherein I(11) is intensity of ?uorescence at an angle 
11 relative to the direction of polariZation, 0t is intensity of 
vertically polariZed ?uorescence and [3 is intensity of hori 
Zontally polariZed ?uorescence; and (c) determining ?uo 
rescence intensity at a different angle of detection compared 
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to the tWo or more angles according to the equation, Wherein 
the equation comprises the determined values of 0t and [3. 

[0057] The invention provides a method for determining 
that scattered irradiation passes through a ?lter by determin 
ing degree of polariZation through a ?lter, Wherein a degree 
of polariZation greater than 0.5 indicates scatter through the 
?lter. As described above, the polariZation behaviors of 
scatter and ?uorescence are very different. Speci?cally, the 
polariZation value, P can not be greater than 0.5 for ?uo 
rescent emission, but P can be any value betWeen —1 and +1 
for scattered radiation. Therefore, detection of a P value 
greater than 0.5 for radiation passing through a ?lter from an 
irradiated sample indicates passage or leak of scattered 
irradiation through the ?lter. 

[0058] An advantage of using the method to determine 
that scattered radiation passes through a ?lter is that an 
appropriate ?lter can be chosen for a particular application. 
One approach is to compare the apparent degree of polar 
iZation from a particular irradiated sample using several 
?lters and to identify a trend in scatter blocking ability as 
described in Example II. A ?lter can be chosen Which passes 
the most radiation relative to the others, While having a 
degree of polariZation that is indicative of desired scatter 
blocking ability. A desired scatter blocking ability can be 
identi?ed as the loWest P value in a set of ?lters or as a 
desired P value. A desired P value for ?uorescence emitted 
by a sample can be determined as a P value for radiation 
emitted from the sample When scattered radiation is effec 
tively blocked as described, for example, in Example II. 

[0059] The invention also provides a method for deter 
mining scatter through a ?lter by determining apparent 
polariZation direction of light passing through a ?lter at tWo 
laser polariZation directions, Wherein a change in apparent 
polariZation direction for the tWo laser polariZation direc 
tions indicates scatter through the ?lter. When rotation is in 
the plane de?ned by the direction of polariZation of the laser 
and the detection axis, the polariZation direction of pure 
?uorescence Will not change, so that any change in the 
apparent polariZation direction indicates that scatter is leak 
ing through the ?lter. A quantitative measure of laser 
blocking ef?ciency for speci?c ?lter combinations can be 
obtained from such data, thereby alloWing objective evalu 
ation of ?lter sets. 

[0060] The folloWing examples are intended to illustrate 
but not limit the present invention. 

EXAMPLE I 

Determination of the Dependence of Fluorescence 
and Scatter Intensity on PolariZation Angle 

[0061] This example demonstrates methods to determine 
the effects of anisotropic radiation emission in a ?oW cytom 
eter. The example also demonstrates that intensity distribu 
tions in plots of intensity versus polariZation angle closely 
folloW equation 2. 

[0062] As described beloW, polariZation state Was deter 
mined by rotating a polariZer in front of a detector. The 
orientation of the polariZer and the intensity passing the 
polariZer Were recorded simultaneously. The polariZer Was 
rotated during data collection. The distribution of intensity 
versus polariZation angle for a population of particles Was 
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obtained. Intensity distributions Were plotted in polar coor 
dinates. A curve-?tting procedure Was used to calculate the 
degree of polarization for the population. 

[0063] Polar plots of intensity versus polariZation angle 
for light scattered from uniform beads are shoWn in FIG. 5. 
The measured intensity distributions folloWed Equation 2 
very closely. Regardless of the direction of polariZation of 
the laser, scattered light exhibited a very high degree of 
polariZation, With values of P greater than 0.83. As shoWn in 
FIG. 5A, scatter Was perfectly polariZed (P~1.00) When the 
laser polariZation Was vertical, indicating that depolariZed 
light from multiple re?ections and aperture depolariZation 
made a negligible contribution in this case. When the laser 
polariZation Was rotated, these depolariZing effects made a 
slightly more signi?cant contribution, as indicated by the 
decrease in the degree of scatter polariZation in FIGS. 5B 
and SC. 

[0064] Upon 488-nm excitation, the ?uorescence from the 
beads Was moderately polariZed With P=0.194:0.003 as 
shoWn in FIG. 6A. Repeated measurements (N=28) of bead 
?uorescence at this excitation Wavelength demonstrated 
excellent reproducibility With average P=0.189, and stan 
dard deviation, op=0.011. P values Were independent of laser 
poWer betWeen 65 and 255 mW and independent of photo 
multiplier control voltage betWeen 0.2 and 0.6 V. Unlike 
scatter, the main direction of ?uorescence polariZation did 
not rotate When the laser polariZation Was rotated as shoWn 
in FIGS. 6B and 6C. FIG. 6C shoWs that, only the degree 
of ?uorescence polariZation changed, decreasing toWard 
P~0.00 as the laser polarization became parallel With the 
detection axis. The degree of ?uorescence polariZation from 
these beads depended on the excitation Wavelength. Upon 
UV excitation, bead ?uorescence Was only Weakly polariZed 
at P=0.052:0.002. 

[0065] The above measurements Were made With the ?oW 
cytometer described previously in Asbury et al., Cytometry 
24:234-242 (1996) and van den Engh et al., Cytometry 
10:282-293 (1989) and the folloWing conditions. Fluidic and 
optical components Were mounted on an optical bench, 
alloWing easy access to and modi?cation of the instrument. 
A 70-pm noZZle operating at 210 kPa (30 psi) produced a jet 
velocity of ~20 m/s. Samples Were injected into the center 
of the stream through a PEEK capillary tube (Upchurch, Oak 
Harbor, Wash.) With an internal diameter. of 250 pm. TWo 
argon lasers Were used, Which Were tuned for multiline UV 
(model Innova 307;Coherent, Santa Clara, Calif.) and 
single-line visible excitation (model lnnova 306). Typically, 
the lasers Were adjusted to produce 100 mW or less. Lasers 
Were usually polariZed vertically, parallel to the jet, except 
in a feW experiments When the laser polariZation Was rotated 
using a half-Wave retarder. 

[0066] Light emitted from the laser crossing-point Was 
focused onto a pinhole mirror as shoWn in FIG. 3A using an 
objective lens With 0.42 NA (20><M Plan Apo, model 378 
8042; Mitutoyo, Japan). At this loW numerical aperture, 
aperture depolariZation effects are expected to be minimal. 
The pinhole acted as a spatial ?lter. Light passing through 
the pinhole Was collimated by a lens (f=75 mm) before 
passing through color ?lters and entering the polariZer 
(described beloW). Light re?ected by the pinhole mirror Was 
imaged onto a CCD camera and displayed on a video 
monitor, alloWing continuous visual inspection of the align 
ment of stream, laser, and pinhole. 

Dec. 12, 2002 

[0067] The electronics of the machine have been described 
in van den Engh et al., (1989) supra. The system can accept 
up to eight input signals. The inputs can either measure DC 
levels or pulse heights. Pulsed inputs are ?ltered using 
baseline-restoration circuitry before analog-to-digital (A/D) 
conversion to remove background from the pulsed light 
signals coming from measured particles. DC inputs are used 
to record continuous signals in the data list including, for 
example, laser poWer, temperature, or other externally vary 
ing parameters as described in Asbury et al., (1996), supra 
and are fed directly into A/D converters Without baseline 
restoration. For the measurements described in this example, 
the angle of the polariZer Was voltage encoded and stored 
using one of the DC inputs. 

[0068] The polariZer Was attached to the ?oW cytometer as 
folloWs. A Glan-Taylor polariZer (03PTA401; Melles Griot, 
Irvine, Calif.) Was mounted as shoWn in FIG. 3B into the 
center of a rigid Wheel that could be rotated 260°. A rotary 
potentiometer in a voltage divider circuit produced a voltage 
signal that varied linearly (betWeen 0 and 5 V) With the angle 
of the prism. Light passing through the polariZer Was col 
lected With a photomultiplier (H95746;Hamamatsu, Bridge 
Water, N.J Photomultiplier output current Was ampli?ed 
With a custom-built preamp before connection to one of the 
pulse inputs of the electronics as described in van den Engh 
et al., (1989) supra. Colored glass or interference ?lters Were 
placed in front of the polariZer to select the appropriate 
?uorescence or scatter Wavelengths. 

[0069] For one experiment, data Were collected by placing 
a 50% plate beamsplitter (03BTFOO7; Melles Griot) at 45° 
incidence in front of the polariZer. By convention, the plane 
of incidence for the beamsplitter is de?ned as that including 
the normal to the re?ecting surface and the direction of the 
incident beam. P-polariZed light refers to light polariZed 
parallel to this plane of incidence and s-polariZed refers to 
light polariZed perpendicular to it. No beamsplitters Were 
included in the detection path for any of the remaining 
experiments. 

[0070] The measurement procedure and analysis Were 
performed as folloWs. The sample consisted of ?uorescent 
microspheres (Fluoresbrite YG, cat. no.18860; Poly 
sciences, Warrington, Pa.) diluted 1:100 in distilled Water 
prior to analysis. The polariZer Was rotated manually during 
data acquisition. Both the angle of the polariZer and the light 
intensity collected after the polariZer Were recorded for 
every measured particle. For each anisotropy calculation, a 
data list Was collected including 40,000 particles distributed 
evenly over the 260° range of the rotating polariZer. A 
bivariate dot-plot of ?uorescence intensity versus polariZa 
tion angle for calibration beads is shoWn in FIG. 4 and 
demonstrates the sinusoidal variation predicted by Equation 
2. A vertical slice through FIG. 4 at a given angle Would 
reveal a distribution of intensities due to variation in particle 
brightness and to the overall precision limit of the system. In 
order to compress the raW data into a single curve, one 
intensity value Was computed for each angle by taking the 
peak of the distribution after smoothing With a 10-channel 
sliding WindoW. This process resulted in about 250 point 
pairs (angle xn, intensity In) summariZing the dataset. 

[0071] The Levenberg-Marquardt method of nonlinear 
least squares ?tting Was used to compute the best-?t of 
Equation 2 to the point pairs. The Levenberg-Marquardt 
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method of nonlinear least squares ?tting has been described 
previously in Press et al., Numerical recipes in C: the art of 
scienti?c computing, 2nd Ed., Cambridge University Press, 
Oxford (1992). Four adjustable parameters Were included in 
the ?t. TWo Were the coefficients of coszn and sinzn, 0t and 
[3, Which Were used to compute P. TWo additional param 
eters, a gain and an offset, Were used to calibrate the angle 
measurement by converting X in arbitrary units into 11 in 
degrees. NeW values for these tWo parameters Were obtained 
each time the instrument Was set up by measuring highly 
vertically polariZed light and alloWing the ?tting routine to 
adjust all four parameters. For subsequent datasets, the same 
angle calibration could be used by keeping the gain and 
offset ?xed and alloWing the ?tting routine to adjust only 0t 
and [3. The point pairs and best-?t curves for each dataset 
Were normaliZed by dividing intensities by (ot+[3) and plot 
ted in polar coordinates. 

[0072] Uncertainties in the ?tted parameters 0t and [3 Were 
calculated by assuming that intensities Were normally dis 
tributed around the best-?t curve and using the chi-square 
value as a measure of the Width of the normal distribution as 
described on page 661 of Press et al., (1992) supra. Uncer 
tainties in P Were then calculated by standard propagation of 
error. 

[0073] This Example has demonstrated the dependence of 
detected intensity on polariZation angle for both ?uores 
cence and scatter produced by samples in a ?oW cytometer. 
The results indicate that equation 2 can be useful in deter 
mining a standard intensity value that can be compared 
betWeen instruments having different con?gurations, for 
example, With respect to detection angle or polariZer angle. 

EXAMPLE II 

Selection of Laser-Blocking Filters 

[0074] This example demonstrates the use of polariZation 
measurements to determine laser-blocking ef?ciency of ?l 
ters. 

[0075] The accuracy of ?uorescence polariZation mea 
surements depends on the extent to Which laser scatter is 
blocked from the detector. Measured polariZation values 
changed depending on laser-blocking ef?ciency of a series 
of long-pass ?lters. Speci?cally, measured polariZation val 
ues Were as folloWs: a SOOLP ?lter, P=0.8; 520LP ?lter, 
P=0.28; 530LP ?lter, P=0.2; SSOLP ?lter, P=0.2; and 488RB 
?lter, P=0.2. 

[0076] The SOOLP through SSOLP ?lters Were purchased 
from Edmund Scienti?c (Barrington, N] and the 488RB, 
rejection-band laser-blocking ?lter Was purchased from 
Chroma Technology (Brattleboro, Vt.). Measurements Were 
made With the ?oW cytometer conditions and analysis meth 
ods described in Example 1. Calibration bead samples Were 
prepared as described in Example I. 

[0077] Using a long-pass SOOLP ?lter, the apparent polar 
iZation of calibration beads Was far above the theoretical 
limit for ?uorescence, indicating that 488-nm laser scatter 
Was leaking through the ?lter. In this case, the measured 
light Was a super-position of scatter and ?uorescence, result 
ing in a P value above 0.5 Which is the theoretical limit for 
?uorescence. As ?lters Were chosen With increasing (red 
shifted) cut-on Wavelengths, laser scatter Was blocked more 
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completely and measured values approached the true polar 
iZation of pure ?uorescence from these beads. The 488RB 
?lter blocked the laser very ef?ciently and had a very sharp 
cut-on at ~495nm. Measurement With this ?lter gave the 
same P value as With the SSOLP indicating that the SSOLP 
effectively blocked detection of scattered laser light. 

[0078] The results demonstrate that differences in polar 
iZation behaviors of scatter and ?uorescence provide sensi 
tive criteria With Which to determine Whether laser scatter 
leaks through a colored ?lter. The trend for longer (redder) 
cut-on Wavelengths to give loWer polariZation is mostly due 
to differences in the laser-blocking ef?ciency of this series of 
?lters, because polariZation measured With the 488RB ?lter 
Was the same as With the SSOLP. 

EXAMPLE 111 

Effects of Beamsplitters on PolariZation 
Measurements 

[0079] This example demonstrates that beamsplitters used 
in cytometry have transmissivities that depend strongly on 
the polariZation state of the incident beam and on the 
orientation of the splitter With respect to the direction of 
polariZation. 

[0080] The effects of tWo different achromatic beamsplit 
ters on polariZation Were investigated using ?uorescence 
from calibration beads. Beamsplitters Were found to produce 
orientation-dependent polariZation artifacts. Comparison of 
polar plots of relative intensity versus polariZation angle for 
bead ?uorescence measured With and Without a beamsplitter 
indicated that When a beamsplitter Was placed in front of the 
polariZer at 45° incidence and oriented to re?ect vertically, 
the transmitted light Was more polariZed than Without the 
beamsplitter. With the beamsplitter oriented to re?ect hori 
Zontally, the transmitted light Was less polariZed than With 
out the beamsplitter and exhibited a negative polariZation. 
The ratio of transmission of p-polariZed to s-polariZed light 
for the 45° beamsplitter Was calculated to be Tp/TS= 
1.64:0.05 using the data from the respective polar plots. A 
non-polariZing cube beamsplitter had a Weaker effect on the 
transmitted light, but still shoWed some polariZation sensi 
tivity having Tp/TS=1.12:0.03. 
[0081] The plate beamsplitter transmitted p-polariZed light 
64% more ef?ciently than s-polariZed light. Dichroic beam 
splitters are knoWn to have similar polariZation sensitivity as 
evident from differences in the transmission and re?ection 
spectra for p and s polariZed light produced by commercially 
available dichroic beamsplitters. Chromatic properties of 
various dichroic beamsplitters are available from the respec 
tive manufacturers (Melles Groit, Irvine, Calif.; Chroma 
Technology Corp., Brattleboro, Vt.). A so-called non-polar 
iZing beamsplitter cube (12106, NeWport Corp, Irvine 
Calif.) exhibited a 12% difference in transmission betWeen 
the s- and p-polariZations. 

[0082] Measurements Were made With the ?oW cytometer 
conditions and analysis methods described in Example 1. 
Calibration bead samples Were prepared as described in 
Example I. 

[0083] These results demonstrate that one source of sen 
sitivity to anisotropic radiation emission in a cytometer is 
beamsplitter orientation. 
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EXAMPLE IV 

Fluorescence Polarization of Commonly Used Dyes 

[0084] This example demonstrates that ?uorescence polar 
iZation is a common phenomenon in ?oW cytometry. 

[0085] The degree of polarization Was determined for 
several commonly used dyes under normal conditions in a 
?oW cytometer. The degrees of ?uorescence polarization for 
these dyes are shoWn in Table 1. 

TABLE 1 

?uorescence polarization of thymocytes stained 
With various dyes" 

Dye Target Concentration P 

FDA cytoplasm 0.5 ,uM 0.191 r 0.011 
CD4-FITC cell surface 1:200" 0.235 r 0.016 
CD8-PE cell surface 1:100" 0.041 r 0.015 
TO DNA 1.25 ,uM 0.281 r 0.001 
EB DNA 1.3 ,uM 0.323 r 0.002 
PI DNA 3 ,uM 0.336 r 0.004 
TOTO DNA 1.5 ,uM 0.133 r 0.002 
ETHD DNA 1 ,uM 0.278 r 0.002 
YOYO DNA 1 ,uM 0.126 r 0.001 

*Dilutions are given for the labeled antibodies because absolute concentra 
tions Were unknown. 

[0086] Signi?cant polariZation Was exhibited by all dyes 
tested. The degree of ?uorescence polariZation from the 
surface marker anti-CD4-FITC and all the DNA-bound dyes 
Was high (P2025). 

[0087] The high degree of polariZation observed for DNA 
dyes is due to the rigidity and relative immobility of the 
large DNA molecules to Which they are bound Which hinders 
depolariZation due to molecular movement. In addition to 
molecular movement, depolariZation can occur through 
energy transfer. The loWer polariZation of dimeric DNA dyes 
(TOTO, ETHD, and YOYO) relative to monomeric dyes 
(TO, EB, and PI) indicate that intramolecular energy transfer 
occurs betWeen the dimeriZed chromophores. Energy trans 
fer can also be responsible for the very loW polariZation 
exhibited by the antibody-bound ?uorophore, anti-CD8-PE, 
as compared to anti-CD4-FITC. These dyes are expected to 
have similar mobilities and ?uorescence lifetimes, but 
unlike ?uorescein (FITC), each PE molecule contains sev 
eral closely linked ?uorescent groups. Energy transfer can 
occur very readily betWeen these groups. 

[0088] Measurements Were made With the ?oW cytometer 
conditions and analysis methods described in Example I. 
Samples Were prepared as folloWs. Mouse thymocytes Were 
harvested from B10.PL(73NS)/Sn mice, centrifuged, and 
resuspended at ~1><106 cells/ml in Dulbecco’s phosphate 
buffered saline (PBS, pH 7.1, cat. no. 14080-055; Gibco 
BRL, Gaithersburg, Md.). The cytoplasmic dye, ?uorescein 
diacetate (FDA, cat. no. 20164-2; Aldrich, Milwaukee, Wis.) 
Was added, and the living cells Were incubated for 30 min at 
37° C. and analyZed immediately. For labeling CD4 and 
CD8 cell surface receptors, the thymocytes Were incubated 
With ?uorophore-conjugated antibodies in staining buffer 
(PBS With 0.05% sodium aZide and 5% fetal bovine serum) 
for 1.5 h at room temperature, Washed tWice by centrifuga 
tion, and then ?xed by addition of 1% formaldehyde. 
Antibodies conjugated to ?uorescein (anti-CD4-FITC) and 
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phycoerythrin (anti-CD8-PE) Were purchased from Pharm 
ingen (cat. nos. 09424D and 01045B; San Diego, Calif.). 
The thiaZole orange derivative, TO-PRO-l iodide (TO), 
ethidium bromide (EB), propidium iodide (PI), TOTO-I 
iodide (TOTO), ethidium-homodimer-1 (ETHD), and 
YOYQ-1 iodide (YOYO) Were incubated With thymocytes 
in PBS With added detergent (0.05% Triton-X to permeabi 
liZe membranes) and RNAse (50 pg/ml) for 30 min at room 
temperature prior to analysis. The DNA dyes Were pur 
chased from Molecular Probes (cat. nos. T-3602, E-3565, 
P-3566, T-3600, E-1169, and Y-3601; Eugene, OR). All 
procedures regarding the use of animals Were approved by 
the Animal Care Committee at the University of Washing 
ton. 

[0089] Throughout this application various publications 
have been referenced. The disclosures of these publications 
in their entireties are hereby incorporated by reference in 
this application in order to more fully describe the state of 
the art to Which this invention pertains. 

[0090] Although the invention has been described With 
reference to the examples provided above, it should be 
understood that various modi?cations can be made Without 
departing from the spirit of the invention. Accordingly, the 
invention is limited only by the claims. 

We claim: 
1. A sample detection apparatus, comprising a polariZed 

radiation source, ?oW chamber and signal detector, said ?oW 
chamber placed to contact polariZed radiation from said 
polariZed radiation source, said signal detector placed to 
selectively detect radiation propagated from said ?oW cham 
ber at about 54.7 degrees from the direction of polariZation 
of said contacted polariZed radiation. 

2. The sample detection apparatus of claim 1, comprising 
a trajectory of a sample stream that is orthogonal to said 
irradiation source. 

3. The sample detection apparatus of claim 1, comprising 
a trajectory of a sample stream that is orthogonal to said 
signal detector. 

4. The sample detection apparatus of claim 2, Wherein 
said trajectory of said sample stream is parallel to said 
direction of polariZation. 

5. The sample detection apparatus of claim 4, Wherein 
said signal detector is placed to selectively detect radiation 
propagated at about 54.7 degrees from a line parallel to said 
trajectory of said sample stream. 

6. A ?oW cytometer, comprising a polariZed radiation 
source, ?oW chamber and signal detector, said ?oW chamber 
placed to contact polariZed radiation from said polariZed 
radiation source, said signal detector placed to selectively 
detect radiation propagated from said ?oW chamber at about 
54.7 degrees from the direction of polariZation of said 
contacted polariZed radiation. 

7. The ?oW cytometer of claim 6, comprising a trajectory 
of a sample stream that is orthogonal to said irradiation 
source. 

8. The ?oW cytometer of claim 6, comprising a trajectory 
of a sample stream that is orthogonal to said signal detector. 

9. The ?oW cytometer of claim 7, Wherein said trajectory 
of said sample stream is parallel to said direction of polar 
iZation. 
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10. The How cytorneter of claim 9, wherein said signal 
detector is placed to selectively detect radiation propagated 
at about 54.7 degrees from a line parallel to said trajectory 
of said sarnple stream. 

11. A sample detection apparatus, comprising a polariZed 
radiation source, ?oW charnber, signal detector and a trajec 
tory of a sample stream that is orthogonal to said polariZed 
radiation source and said signal detector, said polariZed 
radiation source placed to contact said trajectory of said 
sarnple stream with polariZed radiation, said polariZation 
direction being 35.3 degrees from a line parallel to said 
trajectory of said sarnple stream. 

12. A How cytorneter, comprising a polariZed radiation 
source, ?oW charnber, signal detector and a trajectory of a 
sample stream that is orthogonal to said polariZed radiation 
source and said signal detector, said polariZed radiation 
source placed to contact said trajectory of said sarnple 
stream with polariZed radiation, said polariZation direction 
being 35.3 degrees from a line parallel to said trajectory of 
said sarnple stream. 

13. A method of detecting ?uorescent intensity for a 
sample in a How cytorneter independent of anisotropic 
radiation ernission, comprising: 

(a) contacting a sample in a How cytorneter With polariZed 
radiation; and 
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(b) detecting radiation emitted by said sample at about 
54.7 degrees With respect to the direction of polariZa 
tion of said polariZed radiation at the point of sample 
contact. 

14. The method of claim 13, Wherein said How cytorneter 
comprises a sample strearn having a trajectory orthogonal to 
an irradiation source. 

15. The method of claim 13, Wherein said How cytorneter 
comprises a sample strearn having a trajectory orthogonal to 
a detector. 

16. The method of claim 14, Wherein said How cytorneter 
comprises a sample strearn having a trajectory orthogonal to 
a detector. 

17. The method of claim 14, Wherein said trajectory is 
parallel to said direction of polariZation. 

18. The method of claim 17, Wherein the point of obser 
vation of a signal detector is placed about 54.7 degrees from 
a line parallel to said trajectory of said sarnple stream. 

19. Arnethod for determining scattered irradiation passing 
through a ?lter, cornprising determining a degree of polar 
iZation through a ?lter, Wherein said degree of polariZation 
is greater than 0.5. 


